Objective-A central function of the endothelium is to serve as a selective barrier that regulates fluid and solute exchange.
T he endothelium forms the inner lining of all blood vessels and regulates vascular barrier function, blood coagulation, and homing of immune cells to specific sites of the body. 1 Under normal physiological conditions, the endothelial monolayer serves as a barrier that maintains the integrity of the blood-fluid compartment and allows for the selective passage of liquid, solutes, and leukocytes. 1 In contrast, under pathophysiologic conditions, the integrity of the endothelium can be perturbed, resulting in leakage of fluids into the extravascular space.
Movement of fluid and solutes through the endothelium occurs either across cells (transcellular) or between cells (paracellular). 2 Although the former mechanism contributes to basal barrier function of the endothelium, paracellular flux has received increasing attention for its pathophysiologic importance in disease states, such as ischemia-reperfusion injury, diabetic vasculopathy, and acute lung injury. 2 Propermeability factors, such as thrombin and hydrogen peroxide or inflammatory stimuli (eg, lipopolysaccharide or tumor necrosis factor ␣), promote paracellular vascular leak by 2 predominant mechanisms. 3,4 -6 One mechanism is by the disruption of the cell-cell junctions between endothelial cells (ECs), which involves the regulation of adhesive proteins that reside at the junctions between cells, termed tight junctions (TJs) and adherens junctions (AJs). [7] [8] [9] The other mechanism is cytoskeletal contraction, leading to widened intercellular space, which involves activation of signaling molecules that converge on myosin light chain (MLC) kinase. 10 -12 The resulting phosphorylation of MLC induces actin-myosinmediated EC contraction, thereby pulling neighboring ECs apart from each other. 12 Collectively, these mechanisms enhance paracellular leak and thereby contribute to the pathology observed in disease states. Despite considerable effort, our understanding of the molecular mechanisms regulating endothelial barrier function remains incompletely understood. As such, the identification of factors that regulate endothelial barrier function is of considerable scientific interest.
Kruppel-like factors (KLFs) are a subclass of the zinc finger family of DNA-binding transcription factors. 13 Accumulating evidence from our group and others has led to the appreciation that members of this gene family critically regulate endothelial function and vascular homeostasis. 14, 15 Among this gene family, KLF2 has emerged as particularly important in endothelial biology. KLF2 is a shear stressinduced factor that confers antiinflammatory and antithrombotic properties to the vascular EC. [15] [16] [17] [18] [19] [20] [21] However, despite the acknowledged importance of the endothelium in determining vascular barrier function, studies assessing the role of KLF2 (or any other member of this gene family) have not been reported. Here, we provide in vitro and in vivo evidence implicating KLF2 as an essential regulator of endothelial barrier integrity.
Materials and Methods
An expanded Materials and Methods section can be found in the supplemental materials, available online at http://atvb.ahajournals.org.
Measurement of Endothelial Leakage
A commercially available kit (Millipore, Temecula, Calif) was used to measure EC monolayer leakage to high molecular weight proteins utilizing 2,000-kDa FITC-dextran based on the Transwell model. Briefly, a Transwell insert was coated with collagen for 1 h at room temperature, and ECs were then seeded at a density of 2ϫ10 5 /well in a final volume of 400 l endothelial growth medium-2 with supplements. The inserts were placed into 24-well plates containing 500 l medium overnight. To measure agonist-induced EC leakage, 200 l FITC-dextran was added into the insert and incubated for 2 h. The insert was then removed and 50 l medium was collected from the bottom chamber. The fluorescence density of samples was analyzed on a Microplate Fluorometer at excitation and emission wavelengths of 485 nm and 530 nm respectively. In experiments where adenoviruses were used, the control group was human umbilical vein endothelial cells (HUVECs) infected with adenovirus encoding green fluorescent protein (Ad-GFP); in leakage assays involving siRNA transfection, the control group was HUVECs transfected with non-specific siRNA; in experiments where murine primary ECs were used, ECs from KLF2 ϩ/ϩ mice without treatment were set as control.
Vascular Barrier Function Assay
All animals were handled according to Institutional Animal Care and Use Committee protocol (no. 2009-0108) approved by the Institutional Animal Care and Use Committee at Case Western Reserve University, which is certified by the American Association of Accreditation for Laboratory Animal Care. Evans blue dye (EBD) (30 mg/kg in 100 L normal saline) was injected into the jugular vein of 7-to 8-week-old male mice. In some experiments, after 1 minute, mustard oil diluted to 5% in mineral oil was applied to the dorsal and ventral surfaces of the ear with a cotton swab; photographs were taken 15 minutes after EBD injection. After the mice were euthanized by CO 2 inhalation, ears were removed, blotted dry, and weighed. The EBD was extracted from the ears with 1 mL of formamide overnight at 55°C and measured spectrophotometrically at 620 nm. The amount of EBD in each sample was calculated according to a standard curve generated from known amounts of EBD and expressed as g of dye/mg of ear tissue. 22 
Isolation of Primary Endothelial Cells from Mice

KLF2
ϩ/Ϫ mice (generously provided by J. Leiden) were generated as previously described. 23, 24 Murine lungs were obtained from 4-to 6-week-old KLF2 ϩ/ϩ and KLF2 ϩ/Ϫ mice on CD1 background. Murine ECs from these lungs were isolated through selection with intercellular adhesion molecule-2 antibody (BD Biosciences) bound to Dynabeads (Invitrogen). In brief, murine lungs were minced and digested with collagenase for 30 minutes, after which cells were treated with red blood cell lysis buffer, and the remaining cells were plated on 0.1% gelatin coated plates. When the plate becomes confluent, ECs were selected using intercellular adhesion molecule-2 and then replated on collagen-coated plates for further use. Purity of lung microvascular EC cultures was assessed by immunohistochemistry for the EC specific marker CD31 and was found to be Ͼ80%.
Results
Hemizygous Deficiency of KLF2 Augments Vascular Leakage
As a first step toward understanding the role of KLF2 in vascular barrier function, we performed in vivo assays to assess vascular leak in KLF2 heterozygous mice. These mice were used because both systemic and endothelial-specific deletion of KLF2 results in embryonic death. 24, 25 EBD was injected IV into the jugular vein followed by treatment of the ear with mustard oil, a local inflammatory stimuli that induces inflammation and plasma leakage. 22, 26 As expected, 15 minutes following application of mustard oil, a blue coloration developed in the ears of wild-type mice ( Figure  1A ). However, the EBD staining was much more intense in the KLF2 heterozygous mice. Consistent with this observation, quantitative analysis of extravasation of dye from the Figure 1 . Hemizygous deficiency of KLF2 shows increased vascular permeability in response to mustard oil. A, Seven-to 8-week-old male wild-type and KLF2 heterozygous mice were used for this experiment. Evans blue dye (EBD) was injected into the mice through internal jugular vein. Mustard oil was applied 1 minute later to the mice ear, photographs were taken after 15 minutes; then the mice were euthanized and ear lobes harvested. Representative pictures are shown. B, The ears were later cut into small pieces and the dye extracted using 1 mL of formamide, the EBD amount in each sample was quantified by spectrophotometer at a wavelength of 620 nm and normalized to ear weight. In KLF2 heterozygous mice, the amount of dye extravasated was statistically significant higher when compared with that of wild type (nϭ9, PϽ0.05).
vasculature in ears revealed a significantly greater increase of EBD in the heterozygous mice compared with the wild-type mice (53.4Ϯ2.68 g/mg in KLF2 ϩ/ϩ versus 72.36Ϯ4.71 g/mg in KLF2 ϩ/Ϫ , Pϭ0.042) ( Figure 1B ). These data indicate that partial deficiency of KLF2 enhanced vascular leakage in response to an inflammatory stimuli.
KLF2 Overexpression Prevents Endothelial Leakage by Diverse Stimuli
As discussed above, diverse inflammatory stimuli can induce intercellular gap formation by disrupting cell to cell adhesion proteins or by promoting cytoskeletal changes, ultimately resulting in parcellular leak and an increase in endothelial leakage. [7] [8] [9] [10] [11] [12] In order to directly assess the role of KLF2 in regulating endothelial barrier function, we performed gainof-function studies. A monolayer of HUVEC was infected with control (Ad-GFP) or KLF2 (Ad-KLF2) virus for 48 hours, challenged with thrombin (1 U/mL), and then assessed for barrier function using 3 separate assessments: intercellular gap formation, FITC-dextran passage, and change in transendothelial electric resistance. First, treatment with thrombin resulted in a dramatic intercellular gap formation in control virus-treated HUVECs (Figure 2A ). In contrast, HUVECs infected with KLF2 adenovirus were essentially resistant to intercellular gap formation. Next, we performed FITCdextran passage leakage assays using a transwell system. Stimulation of HUVECs with thrombin caused a significant increase in leakage as measured by the passage of FITCdextran through the HUVEC monolayer ( Figure 2B ). However, in the presence of KLF2 overexpression, the passage of FITC-dextran was markedly reduced. Similar findings were observed following treatment of HUVECs with hydrogen peroxide ( Figure 2C ) and histamine (data not shown). Finally, we analyzed transendothelial electric resistance change as a third assay for barrier integrity. Consistent with what we observed using the other 2 methods, KLF2 significantly attenuated thrombin and histamine-mediated reduction in transendothelial electric resistance (supplemental Figure IA and IB). Collectively, these observations strongly implicate KLF2 as an important barrier protective factor in ECs.
KLF2 Deficiency Augments Endothelial Leakage Increase
To further substantiate KLF2's role in regulating endothelial barrier function, we carried out loss-of-function studies. First, we acutely knocked down KLF2 expression in HUVECs by siRNA-mediated silencing and examined intercellular gap formation. HUVECs were transfected with NS or specific siRNA targeting for human KLF2 (siKLF2), treated with thrombin, and intercellular gap formation was assessed. Consistent with the overexpression studies above, on stimulation with thrombin, KLF2 deficiency in HUVECs led to an enhancement of gap formation ( Figure 3A) . Next, we carried out endothelial leakage assays using HUVECs deficient in KLF2 as well as primary lung ECs from KLF2 heterozygous mice. HUVECs were transfected with siKLF2 or NS siRNA for 48 hours, replated on the transwell, challenged with thrombin (or hydrogen peroxide), and assessed for FITC-dextran passage. By comparison with the NS group, knockdown of KLF2 augmented both basal and thrombin (or hydrogen peroxide)-mediated increase of leakage ( Figure 3B and 3C) . We also examined the FITC-dextran passage using primary mouse lung microvascular ECs. By comparison with primary lung ECs 
from KLF2
ϩ/ϩ mice, KLF2 ϩ/Ϫ ECs exhibited enhanced leak in response to thrombin ( Figure 3D ). Taken together, the results from the loss of function studies provided complementary evidence supporting the role of KLF2 as an endothelial barrier protector.
KLF2 Regulates Key Tight Junction Protein Occludin in Endothelial Cells
The observations from KLF2 overexpression and deficiency studies discussed above suggest that KLF2 regulates gap formation between ECs. As noted earlier, intercellular junctions are composed of 2 main types of proteins: TJs and AJs. To assess for effects on specific intercellular junction proteins, we performed gain-of-function and loss-of-function studies. Knockdown of KLF2 reduced 1 key TJ protein, occludin ( Figure 4A ). However, no significant effect was observed on zona-occludens-1 and zona-occludens-2 (data not shown). A similar reduction was seen in primary microvascular ECs from KLF2 ϩ/Ϫ mice ( Figure 4B ). However, no significant effect was observed on the adherens proteins vascular endothelial-cadherin and its associated actin-binding molecules ␣-, ␤-, and, ␥-catenin (data not shown). To determine whether occludin is a direct target of KLF2, we performed overexpression studies. Forced expression of KLF2 potently induced the expression of occludin promoter (supplemental Figure IIA) , mRNA (supplemental Figure  IIB) , and protein expression ( Figure 4C ). These results demonstrate that KLF2 is able to regulate 1 key TJ protein occludin in ECs.
KLF2 Inhibits Phosphorylation of MLC in Endothelial Cells
Most paracellular leak pathways induce actomyosin-based cell contractility, which augments intercellular gaps, leading to increased leakage. 12 Importantly, activation of paracellular leak by diverse stimuli all result in the phosphorylation of MLC, a key event in cell contraction. 11, 27 In light of the observation that KLF2 prevents cellular contraction and gap formation following thrombin stimulation (Figure 2A) , we hypothesized that KLF2 may alter MLC phosphorylation. HUVECs were infected with control (Ad-GFP) and Ad-KLF2 for 48 hours, stimulated with thrombin (1 U/mL), and cell lysates assessed for phosphorylated MLC (serine 19 and threonine 18). 11 As expected, following treatment with thrombin, a strong increase in MLC phosphorylation was observed ( Figure 5A ). Importantly, sustained expression of KLF2 strongly reduced the level of phospho-MLC ( Figure  5A ). A similar effect was observed with hydrogen peroxide treatment ( Figure 5B) . However, the expression of total MLC was not significantly altered by KLF2. We next investigated the spatially defined effects of KLF2 on MLC phosphorylation as assessed by phosphorylated myosin light chain staining. Consistent with the Western blot analysis data, KLF2 overexpression markedly reduced phospho-MLC in ECs ( Figure 5C ). Conversely, knockdown of KLF2 in HUVECs resulted in a hyperphosphorylation of MLC following thrombin treatment ( Figure 5D ). Concordant effects were seen in primary ECs derived from wild-type and KLF2 heterozygous mice ( Figure 5E ). Collectively, these studies clearly indicate that KLF2 regulates MLC phosphorylation.
Discussion
This study is the first to implicate KLF2 as an essential regulator of vascular barrier function. This primary conclusion is supported by several key observations. First, hemizygous deficiency of KLF2 enhances vascular leak in response to an inflammatory stimulus. Second, in vitro gain-offunction and loss-of-function studies indicate that KLF2 regulates endothelial barrier function. Finally, mechanistic studies reveal that KLF2 differentially regulates expression of specific junction molecules and signaling molecules that mediate intercellular contact and cellular contraction. These findings build on previous observations and expand our understanding of KLF2's role in vascular homeostasis. Mediators such as thrombin, H 2 O 2 , and histamine activate very distinct mechanisms to exert their effects on endothelial barrier function. 3,5,28 -31 The fact that KLF2 was able to ameliorate barrier function induced by such diverse stimuli was an important initial observation and suggested that its actions likely occur at some common convergence point. This line of reasoning led us to evaluate the 2 hallmark downstream events of paracellular leak: cellular contraction and interendothelial junctions. Indeed, our studies identify critical and specific roles for KLF2 in both processes.
A common downstream convergence point for diverse stimuli that induce endothelial barrier dysfunction (eg, thrombin, histamine, and H 2 O 2 ) is MLC phosphorylation. 3, 28 This phosphorylation event leads to actin-myosin cross-bridge cycling, cellular contraction, and disruption of interendothelial junctions. 12, 27, 32 Our studies indicate that KLF2 inhibits MLC phosphorylation (Figure 5 ), an effect consistent with the observation that KLF2 prevents cell rounding and contraction (Figures 2 and 3) . Of note, our observations regarding the effect of KLF2 on MLC phosphorylation is not unique to thrombin, because similar results were obtained when cells were challenged with histamine or hydrogen peroxide. The fact that KLF2 can block MLC phosphorylation and leakage in response to numerous stimuli renders it an appealing therapeutic target given that multiple mediators contribute to vascular leak in most disease processes. We note that the precise molecular basis for how KLF2 alters MLC phosphorylation remains incompletely understood. MLC can be phosphorylated by the endothelial form of MLC kinase. 11 This phosphorylation event can be further augmented by RhoA through its downstream effector Rho kinase. 33 Finally, KLF2 may alter expression and/or activity of MLC phosphatase. Thus, additional studies are clearly needed to pinpoint the precise basis of KLF2 action.
Two major structures (TJs and AJs) are critical in maintaining the endothelial barrier. 1, 2, 34 Our results indicate that KLF2 selectively affects TJs, an intriguing finding, because in contrast to AJs, our understanding of mechanisms regulating TJs is far less understood. 34 Endothelial TJs proteins, such as occludin, form homotypic interactions with neighboring cells. 35, 36 Occludin also requires coexpression of junctional proteins zona-occludens-1 for cell surface expression and linkage to cortical actin. 9 Our findings suggest that KLF2, by inducing the expression of occludin, may help coordinate TJ formation. These observations are likely to be important for specific vascular beds, such as the blood-brain barrier and retinal microvasculature, where TJs are abundant. 37 We recognize that the role of occludin specifically and TJs in general has not been well established to participate significantly in microvascular barrier regulation. However, our data in primary murine microvascular cells ( Figures 3D and 4B ) and the work of others 35,38 -40 demonstrate that occludin is present in microvascular ECs and suggest that changes in occludin mass are associated with alterations in barrier Figure 5 . KLF2 inhibits phosphorylation of MLC in response to agonists. A, HUVECs were infected with Ad-GFP and KLF2 adenovirus for 24 hrs, cells were then treated with thrombin (1U/ml) for 30 minutes, and proteins were then extracted. Western blot analysis reveals attenuation of MLC phosphorylation in KLF2 overexpressed cells. Representative blot of three independent experiments is shown. Exo-KLF2 indicates Exogenous KLF2. B, HUVECs were infected as above, followed by treatment with hydrogen peroxide for 30 and 60 minute, and total proteins were isolated and subjected to Western blot analysis. Representative blots of 3 independent experiments are shown. C, HUVECs infected with Ad-GFP and KLF2 adenovirus for 24 hours were treated with thrombin (1 U/mL) for 15 minutes, then immunostaining with phospho-MLC antibody was performed. Representative pictures of 3 independent experiments are shown. Scale bar, 50 m. D, HUVEC were transfected with NS siRNA and siKLF2 using siPortAmine. After 48 hours, the cells were treated with thrombin (1 U/mL) for 1 minute and total protein harvested using radio-immunoprecipitation assay buffer. Western blot analysis revealed increased phosphorylation of MLC in siKLF2-transfected cells when compared with NS siRNA-transfected cells. E, Primary lung microvascular ECs were isolated from KLF2 ϩ/ϩ and KLF2 ϩ/Ϫ mice, they were then treated with mouse thrombin for 1 minute, and proteins were extracted and Western blot analysis performed. A significant increase of MLC phosphorylation was observed in KLF2 ϩ/Ϫ ECs than that of KLF2 ϩ/ϩ ECs. A representative blot of 3 independent experiments is shown. P indicates phosphorylated; Exo, exogenous; DAPI, 4Ј,6-diamidino-2-phenylindole.
function. Therefore, our data suggest that occludin might be important in the KLF2 effect on barrier function. Finally, although we did not observe significant effects on AJs, it should be noted that inhibition of actin-myosin cycling via effects on MLC phosphorylation indirectly helps maintain these junctions. As such, KLF2 effects on leakage likely result from direct and indirect effects on both the actomyosin complex and its intimate interaction with the interendothelial junction molecules.
There are several important limitations in our study. First, we have focused largely on the paracellular pathway of endothelial barrier function. This is principally because the preponderance of evidence suggests that paracellular leak is likely the dominant mechanism operative in most pathophysiologic states. 1 However, we cannot exclude the possibility that KLF2's effect may also be mediated, in part, via the transcellular pathway, which will be an interesting topic for future investigations. Second, because endothelial-specific deletion of KLF2 results in embryonic death, [23] [24] [25] our in vivo barrier function studies were performed in KLF2 ϩ/Ϫ mice. Although our in vitro studies in isolated KLF2
ϩ/Ϫ cells strongly support a critical role for KLF2 in the endothelium, one cannot exclude the possibility that other cell types (eg, inflammatory cells) may contribute to the phenotype. Third, we note that several additional members of the KLF family are also expressed in ECs. 14 Among these, the work of Hamik et al 41 suggests that KLF4 may be particularly important in regulating key aspects of endothelial gene expression and function. Interestingly, KLF4 has been shown to regulate epithelial barrier function, [42] [43] [44] and thus future studies comparing and contrasting KLF2 and KLF4 function in endothelial barrier function are requisite.
Studies of the past decade strongly implicate KLF2 as a molecular switch that imparts an antiinflammatory, antithrombotic, and antiproliferative effect on ECs. Remarkably, these conclusions were derived largely (if not exclusively) on studies in cultured EC lines. However, recent reports have begun to validate many of the predicted effects of KLF2 in vivo. Importantly, Atkins et al 45 recently reported that hemizygous deficiency of KLF2 augments experimental atherosclerosis. The observations in this study are the first to provide evidence that KLF2 plays an essential role in maintaining endothelial barrier integrity. These observations build on previous work and further substantiate the contention that KLF2 is an essential regulator of EC biology and vascular homeostasis. Finally, the increasing appreciation that KLF2 levels are induced by diverse pharmacological agents (eg, statins, resveratrol, and proteasome inhibitors) heightens enthusiasm that targeting of this factor may confer therapeutic benefit. 46 -48 
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